We propose a seismic wave detection method in the frequency domain using a heterodyne laser interferometer, which is used in ultraprecision fields as a displacement measurement device. In seismology, it is important to accurately measure seismic waves. To overcome the limited frequency range and low resolution of accelerometers and velocimeters and to enhance the precision of seismic data analysis, we use the heterodyne laser interferometer as a seismic detection apparatus. We apply the data fusion algorithm with the adaptive standard deviation ratio (ς) derived from the neural network to improve the laser interferometer's measurement precision. Moreover, by using the interferometric characteristics, we analyze the seismic data in the frequency domain. To determine the location of the epicenter from the body wave propagation analysis, we apply the STA/LTA algorithm to the measurement data. The effectiveness of the proposed laser interferometric seismometer is shown through experiments to locate the precise epicenter.
Introduction
An earthquake is a devastating but common natural disaster around the world. To reduce and predict the damage caused by earthquakes, it is necessary to precisely measure and analyze the seismic signal. Hence, the study of earthquakes has been performed through various seismic analyses and predictions. Methods to analyze earthquakes include spectrum analysis, magnitude measurement, intensity interpretation, and epicenter decision. The short-time average/long-time average (STA/LTA) trigger algorithm is commonly applied in microseismic monitoring systems and has gained significant increased interest. In the STA/LTA algorithm, the most important factor for seismic wave analysis is to identify a seismic event that includes an external disturbance. Widely used seismic measurement devices include seismic velocimeters and accelerometers. These apparatuses detect seismic waves based on force and pressure sensors. They can be classified according to their measurable frequency range as short-period, long-period, and broadband seismographs.
These apparatuses have defects such as limited frequency range and low resolution. Therefore, errors exist when calculating the exact P-and S-wave arrival time.
To improve seismic analyses, Colak et al. [1] proposed a new P-and S-wave arrival time decision method. The discrete wavelet transform was used to analyze the change of frequency and energy in high frequency bands. As a result, P-and S-wave arrival time can be measured using a series of data windows. Hloupis and Vallianatos [2] suggested an earthquake early warning system, based on a redundant wavelet transform as a processing tool to rapidly estimate earthquake magnitude. The suggested algorithm strengthens the ability to distinguish body waves from noise. Panagiotakis et al. [3] proposed an automatic identification method of P-phase arrival based on energy and frequency characteristics of the local maxima distribution. Moreover, the method performs a robust detection against the background noise of seismograms. Baziw [4] proposed a robust seismic event identification algorithm by obtaining the optimal estimate of a possible seismic event based on the Rao-Blackwellized particle filter and hidden Markov model. This enables obtaining the real-time phase estimate and the quantified frequency content of seismic data.
In this paper, we propose an interferometric seismometer that is based on a heterodyne laser interferometer and analyze seismic data in the frequency range to estimate epicenter location. Using the orthogonal characteristic of two beams from a laser head, the seismic signals are expressed as a form of intensity signal, which is represented as a trigonometrical function. Hence, the seismic signal can be detected using the laser interferometer. Each observatory has a different experimental environment since the observatory needs to be located in various regions for the seismic signal measurement. The nonuniformity of measurement environment such as temperature and humidity causes the measurement inaccuracy. To compensate for the environmental error that resides in seismic measurement data using a data fusion method, we measure the displacement with two independent laser heads set separately in opposite directions. Using the neural network, the standard deviation of errors is updated adaptively according to the experiment temperature change. With the measured data sets, the environmental error is reduced by projecting the measured data onto the points on the constraint set based on the ideal relationship between the two interferometers [5, 6] . The compensated data are converted into a signal in the frequency domain to extract the P-and S-wave arrival times, which are used to calculate the STA/LTA ratio. The difference between the two arrival times leads to the determination of the epicenter location.
A Heterodyne Laser Interferometric Seismometer
To measure displacement, a heterodyne laser interferometer uses the phase difference caused by the Doppler effect. The heterodyne laser interferometer system consists of a He-Ne laser head, a beam splitter, a polarization beam splitter, photodetectors, a moving mirror, and a fixed mirror. Figure 1 shows the heterodyne laser interferometer seismic system. The electric fields are measured by detector X. Likewise, the electric fields reflected by the fixed mirror and the moving mirror are measured by detector Y. The intensities obtained by detectors X and Y are expressed as follows.
In (1), A and B are the magnitudes of the electric fields and ϕ A ϕ B are the initial phases of laser sources. The signal I r measured by detector X is the reference intensity, and the signal I m obtained by detector Y is the measurement intensity. Δω is the difference between the frequencies of the two orthogonal beams ω 1 and ω 2 , and Δϕ is the phase difference caused by the Doppler effect. We use a high-pass filter to eliminate DC components of the intensity signal I m . The initial phase values ϕ A and ϕ B are ignored to obtain phase information. We obtain the AC signal of I m as follows.
To obtain the phase value, we use a lock-in amplifier. The phase value is derived by applying the I r and I m,AC signals into a power divider, multiplier, and low pass filter, sequentially. As a result, two orthogonal intensity signals of I x ∝ I m,AC ⋅ I r and I y ∝ I m,AC ⋅ I r e jπ/2 can be represented as a trigonometric function.
By using an inverse trigonometric function, the phase information Δϕ related to the displacement is obtained. We calculate the displacement change using Δϕ = 4πρΔL/λ. ρ is the refractive index, λ is the average wavelength, and ΔL is the difference in optical path length between the fixed mirror and the moving mirror. 
Data Fusion-Based Error Compensation
The environmental error causes a significant problem of a measurement accuracy in case of the nanoscale instrument [7] . In order to improve measurement precision, we use a data fusion method to reduce the error that exists in the measurement data. Data fusion uses two measurement data sets, which in this study are obtained by two laser systems installed separately in opposite directions. To utilize this measured data as a seismic signal, we compensate the error to improve the interferometer's accuracy [8] .
We use two independent laser heads, which have the same performance characteristics, for the data fusion method. The two separate laser interferometers measure the same moving mirror with a displacement ofd 1 andd 2 , respectively. In the ideal case, the displacement d 1 and d 2 should satisfy the following constraint, because the two laser interferometers measure the identical moving mirror in the opposite direction. When we measure the displacement, the data includes environmental errors since environmental conditions are not uniform. Therefore, the measurement values (
We can represent the relationship betweend 1 andd 2 in the Cartesian coordinate, whered 1 andd 2 are distributed around the constraint of d 1 k + d 2 k = 0. These patterns show that the measured displacement data contains environmental errors. We project the measured points in the Cartesian coordinate onto the points on the ideal constraint line to compensate for the environmental errors. An objective error function is utilized to minimize the environmental error.
Here, I x and I y are measurement signals that contain environmental error, while I * x and I * y are reference signals without environmental error.
Even though the standard deviation is calculated for each measurement step, a compensation parameter (ς) represents one of the values derived under the fixed environment. To improve measurement accuracy, it is necessary to adaptively modify ς by considering temperature change, which is one of the primary environmental error factors. To estimate the adaptive standard deviations, a multilayer neural network is used. The network is composed of one input layer, two hidden layers, and one output layer. The neurons in the hidden layers and the output layer follow the hyperbolic tangent-sigmoid function f 1 x and the log-sigmoid function f 2 x as an activation function, respectively. The activation functions enable the neural network to obtain a complex nonlinear model.
The backpropagation algorithm is applied to train and update weights in the network. The steepest gradient descent method is used during the training period. As a target vector, we obtain the error between the reference signals and the measurement signals.
Here, I tp k = τ is the temperature value during the measurement process. The intensities from (3) are used as the inputs of the neural network during the training period. We define V I = I x , I y , I tp T as an input vector and V O = e I x , e I y T as an output vector. The objective function uses the errors between the output from the neural network and the target vector, V T :
where m is the amount of sampled data. Weight values are calculated with a steepest gradient descent method and updated until minimizing the objective function.
Here, η is a learning rate and −∂E/∂w is calculated using the chain rule. To guarantee a reliable performance, the error bound of the objective function is set as 10 −9 . The maximum number of the training iterations is limited to 10,000 times for computational efficiency. Finally, we get the neural network modeled in Figure 2 .
The estimated error vector e NN = e I x , e I y T associated with temperature is obtained from the neural network by applying measurement signals (I x , I y ) and temperature (I tp ) as an input vector.
e I x , e I y T = NN I x , I y , I tp 9
The adaptive standard deviations σ * 1 , σ * 2 are calculated for each measurement step with the neural network output, e I x , e I y . The loci of the ellipsoidal equation with a centroid,
, and the contact points between x m2 + x m1 = 0 and each ellipse can be represented as follows:
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Here, ζ k is the adaptive standard deviation ratio, ζ k = σ * 2 k /σ * 1 k . Finally, the environmental error is compensated by using the adaptive data fusion based on an artificial intelligence projection method.
Seismic Data Analysis and STA/ LTA Algorithm
To detect the seismic wave, we use the heterodyne laser interferometer system. Using the above equations, we eliminate the environmental error by the data fusion method, enabling more precise measurement of the seismic wave. With the seismic data, we obtain P-S wave arrival time (P-S time), which is an important factor for calculating the epicenter location. The methods that measure P-S time generally analyze seismic data in the time domain. However, if the amplitude of a seismic wave does not change enough during the measurement interval, it is difficult to distinguish between P-wave and S-wave arrival [9] . Hence, we suggest a P-S time measurement method in the frequency domain to more accurately identify the arrival times of P-wave and S-waves. When we detect the seismic wave with a laser interferometer, the seismic signal can be expressed in terms of the intensity of the laser signal in a trigonometric function. The equation can be represented as follows:
In (11),Î x andÎ y are the intensity signals after applying the data fusion method to I x and I y in (3). As the refractive index n and wavelength λ are constants, the change in seismic wave movement, ΔL, is proportional to the phase change, Δφ. Therefore, the frequency data of the phase signal Δφ is obtained by the polarity change of the seismic signal, and the I x and I y signals are both suitable for frequency analysis. However, the I y signal is used to analyze the seismic wave as a sinusoidal wave to avoid a latent effect of nonlinearity [10] . The signals are measured in a discrete form. The frequency can be calculated from the signal's polarity change with the following equation.
Here, sgn ⋅ is the signum function. The final frequency value is represented as f c k = N c k /2. f c k is the frequency of the incoming intensity signal, and N c k is the number of I y k sign changes in one second. Using this method, we can measure the seismic signal in the frequency domain.
An earthquake's epicenter can be determined using the frequency variation ofÎ y k measured by the heterodyne laser interferometer. We analyze this data with the STA/ LTA ratio to calculate P-S time. With a threshold trigger algorithm, we can enhance the analyzing accuracy of seismic data. The STA/LTA algorithm parameters, such as shorttime window size, long-time window size, and threshold value, are determined by the seismic system environment. The STA/LTA algorithm analyzes the data using the difference between STA and LTA characteristics. Finally, we compare the measured STA/LTA ratio with the threshold value. The accuracy of the analysis data depends on the STA and LTA window sizes and threshold value. The STA and LTA are represented as follows [11] [12] [13] .
Here, τ s and τ l are the size of the short-and long-time windows, respectively. We measure the time when the The distance between a seismological observatory and an epicenter is calculated using measured P-S time by the following equation.
Here, D is the epicentral distance, V P is the P-wave velocity, V S is the S-wave velocity, and T ps is the P-S time.
Performance Evaluation
In this section, we show the performance of the proposed seismic detection system based on a heterodyne laser interferometer. To prove the performance and effectiveness of the interferometric seismometer, we use measured seismic data detected by the laser interferometric seismometer and the accelerometer, respectively. We use the He-Ne laser head with an intermode beat of 632.9912 nm (Wavetronics: WT307B). The laser head emits two-frequency beams of λ 1 = 632.9912576 nm for vertical polarization and λ 2 = 632.9912604 nm for horizontal polarization, respectively. The linear stage (PI: M531.5IM) is used as a vibrational source to generate a seismic signal. An accelerometer (Mitutoyo: JEP-8A3) is used as a reference. Figure 3 shows the seismic wave measurement system. First, we prove the environmental error compensation by data fusion method for the measurement precision enhancement in a laser interferometer. In our simulation, we set the wavelength λ as 632.9912 nm and the refractive index as 1.00000026653516. Figure 4 shows the compensated data by the data fusion algorithm. The thick line and thin line represent the compensated seismic data and the measurement seismic data, respectively. To verify the accuracy of compensated seismic data using the data fusion in Figure 4 , we compare the root-mean-square (RMS) of the compensated measurement error with the uncompensated one. The RMS error comparison results appear in Figure 5 . The environmental errors that occurred in the seismic signal detection are compensated by data fusion. Figure 6 shows the seismic data measured by the laser interferometric seismometer and the accelerometer, respectively. Figure 7 denotes the difference between the true amplitude and the measurement value at each sampling time. The thick solid line represents the RMS error of the The thin dotted line means the RMS error measured from an accelerometer. As shown in this figure, the proposed neural network-based compensated seismic wave is more precise than the measurement of accelerometer. Figure 8 shows the intensity signal I y k of the seismic wave and the signal in a time-frequency plane measured by the interferometric seismometer. We obtain the intensity signal (I y ) to minimize the nonlinearity error. The displacement change of the seismic wave is measured from the phase difference between I r and I m of the heterodyne interferometer. To analyze the seismic data, we represent the seismic signal in a time-frequency plane and observe sudden frequency changes around 6 and 12 seconds, which are generated by P-wave and S-wave, respectively.
We use the STA/LTA algorithm to measure P-S time for calculating the epicenter location. First, we determine the STA and LTA window size. The LTA window size is set as 14 times the STA. Next, the threshold value used for the P-wave and S-wave arrival time is set as 1.3 times the average of the STA/LTA ratio. The STA/LTA ratio and the threshold value are shown in Figure 9 .
From the STA/LTA ratio in Figure 8 , we measure P-wave and S-wave arrival time as 5.66 and 12.71 seconds, respectively. With the P-wave velocity and the S-wave velocity as 8 km/s and 4 km/s, respectively, we calculate the epicentral distance as 24.20 km using (14). Figure 10 shows the epicenter location. n e means the maximum absolute value of the environmental noises. We suppose the parameter n e as 0.05 m/s 2 in Figure 10 . The distance from the observatory to the epicenter is measured by the STA/LTA algorithm.
With three distinct sets of observatory data, we can estimate the epicenter location in the overlapping region. Table 1 shows the RMS error comparison of epicenter localization method based on the laser interferometric seismometer and accelerometer. Although the localization accuracy is Journal of Sensors decreased as the parameter n e increases, we can confirm that the localization result based on the laser interferometric seismometer shows better performance than accelerometer.
Conclusion
In this paper, we proposed a seismic signal detection method using a heterodyne laser interferometer in the frequency domain. We applied the data fusion algorithm to minimize the objective error function. To prove the performance of the interferometric seismometer, we compared seismic data measured by a laser interferometric seismometer with data detected by an accelerometer. Moreover, we measured the seismic signal data in the frequency range with the laser interferometer. Using the STA/LTA algorithm, the P-S time was derived. The epicentral distance was calculated using the measured P-S time. We confirmed the effectiveness of the laser interferometer-based seismometer through simulation and experiment. 
